Background: The incidence of primary lateral patellar dislocation (LPD) in children aged 9 to 14 years is 0.6 to 1.2 per 1000. Causation is assumed to be multifactorial, including anatomic variants of the patellofemoral (PF) joint that result in a higher risk of LPD. No publication has compared the morphology of the PF joint and anatomic patellar instability risk factors (APIFs) in a primary LPD population versus controls, defining children by skeletal maturity.
Magnetic resonance imaging (MRI) visualizes 3-dimensional morphology; it captures the numerous anatomic variations and the real geometry of the PF joint. No publication has compared the morphology of the PF joint in a primary LPD population versus controls, defining children by skeletal maturity. MRI has proved to be sensitive in detecting associated intra-articular knee injuries in patients with acute LPD, such as capsular, ligamentous, and osteochondral/cartilaginous injuries, but it has also become the preferred tool to define anatomic patellar instability risk factors (APIFs). # Four established anatomic (imaging) factors are associated with a higher risk of recurrent LPD: (1) trochlear dysplasia, 32 (2) abnormal lateral patellar tilt, 15 (3) elevated tibial tubercle-trochlear groove (TT-TG) distance, 33 and (4) patella alta. 15 Previous MRI studies reporting on APIFs and thresholds for patellar instability have been retrospective and in adults or age-mixed populations. 6, 18, 34 Publications concerning children have been defined by chronological age and not by skeletal maturity. The geometry of the PF joint in children changes with growth; the cartilage is thicker in younger patients. 25 MRI is the best method to visualize the cartilage and thus the actual PF joint geometry. 35 A recently purposed patellar instability severity score with the inclusion of APIFs and other risk factors by Balcarek et al 5 might be useful if modified even in the skeletally immature population. MRI measurements of the PF morphology are central to current clinical treatment algorithms.
The purpose of the present study was to characterize the PF morphology and identify key differences in children with and without LPD using mean values of these measurements. The secondary goal was to clarify the morphological factors according to known APIFs (trochlear dysplasia, abnormal lateral patellar tilt, elevated TT-TG distance, and patella alta) in skeletally immature patients with a first-time traumatic LPD compared with a control group. This may have importance in building a predictive model for recurrent LPD.
METHODS
This prospective study was performed at Astrid Lindgren Children's Hospital at the Karolinska University Hospital Solna in Stockholm. The hospital takes care of orthopaedic patients up to 14 years of age, which was the upper limit of our cohort. The lower age limit is according to the study by Vä hä sarja et al, 36 which showed that significant intraarticular knee injuries increased from 9 years of age. Our regional guidelines in emergency care for children aged 9 to 14 years with hemarthrosis after acute knee trauma suggest a clinical examination and knee radiographs at initial presentation and MRI within 1 week from the injury. There were 132,000 children aged 9 to 14 years in the catchment area at the time of this study. The study was approved by the local ethics committee (D-nr: 2011/551-31/1 and D-nr: 2015/0111-32).
From December 2009 to April 2012, all children aged 9 to 14 years who came to the hospital with an MRI-confirmed first-time traumatic LPD were asked to participate in the study. Within the same period, patients in the same age range who also came to the hospital with hemarthrosis after acute knee trauma but without LPD formed the control group for this study. Patients with a lower limb disability or previous injuries to the affected knee were excluded from both the study group and the control group. 3 Hemarthrosis was defined as an effusion in the knee joint within 12 hours after the acute injury. Both groups followed the previously mentioned regional guidelines including a clinical examination, radiographs, and MRI. Skeletal immaturity was defined by the radiographs: open physes or closing physes (the cartilaginous portions of the epiphyses become thinner). Closed physes was the definition for skeletal maturity.
The diagnosis of LPD from history and clinical examinations had to be confirmed with 3 of 4 major MRI signs: (1) knee hemarthrosis, (2) an injury to the medial PF ligament (MPFL) defined as an edema at the injury site with or without visible disrupted fibers, (3) a bone bruise pattern in the medial patella, and/or (4) a bone bruise pattern in the lateral femoral condyle. When there were unclear history examination findings and the diagnosis of LPD was solely made on the MRI signs, all 4 signs had to be present.
A total of 110 patients with a first-time LPD came to the hospital during the study period; 103 were included in the study. Exclusions were 1 patient because of nonoperative treatment of the LPD without MRI and 6 patients who underwent open surgery without prior MRI. The control group consisted of 69 children. The examinations were conducted in the same time frame and with the same MRI equipment in both groups. Written parental consent to participate in the study was obtained for children in both groups.
MRI Examination
All MRI examinations were performed at Astrid Lindgren Children's Hospital on a 1.5-T Philips Achieva (Philips Medical Systems) with an 8-channel knee coil. The same knee coil and the following 5 sequences were used: transverse proton density (PD)-weighted turbo spin echo (TSE) with fat saturation, sagittal PD-weighted TSE with and without fat saturation, coronal T1-weighted TSE, and coronal PD-weighted TSE with fat saturation. The slice thickness was 3 mm in all sequences. For more detailed MRI information, see Appendix Table A1 (available online at http://ajsm.sagepub.com/supplemental).
A single senior pediatric radiologist with extensive experience in musculoskeletal MRI reviewed all MRI examinations. A second reader, a pediatric orthopaedic surgeon, independently repeated the anatomic measurements and analyzed all other MRI parameters for 35 randomly selected participants (20 patients with LPD and 15 controls). Interobserver reliability was assessed by calculating the intraclass correlation coefficient (ICC) for all analyzed parameters.
Measurements of PF Morphology
The PF morphology and APIFs were assessed using sagittal and axial views. Distances and angles were measured to the outermost cartilaginous point to assess the articulating joint geometry. 35 Sagittal Measurements. The sagittal slice showing the greatest length of the patella (through the central part of the patellar facet) was used for the sagittal measurements ( Figure 1A ). These included the Insall-Salvati index (ISI), 24, 28 Caton-Deschamps index (CDI), 10, 15 sagittal PF engagement (SPE), 12 and patellotrochlear index (Biedert index). 7 The landmarks for the ISI measurements were the most cranial and caudal aspects of the patella, and regarding the patellar tendon, the most caudal point of insertion to the patella and the most cranial point of insertion to the tibia. The CDI was measured by using the greatest length of the patellar articular surface and the shortest line between the caudal margin of the patellar articular surface and the anterior aspect of the tibial plateau.
Axial Measurements. The first axial slice (going from cranial to caudal) that showed cartilage covering the whole trochlea was used for axial measurements regarding the trochlea and anterior aspect of the femoral condyles (Figure 1B) . The same slice was used to measure the trochlear angle and inclination angle of the lateral femoral condyle. The axial slice that showed the most posterior aspect of the femoral condyles was used to define the posterior baseline and posterior landmarks of the condylar height measurements. All measurements were made regarding both the bony surface and the cartilage surface. An axial slice through the central part of the patella was used to measure the patellar tilt. A line through the bony midportion of the medial and lateral aspects of the patella was drawn, and the angle between this and the posterior baseline was measured. The TT-TG distance was measured using the same first axial slice; a line was drawn through the deepest point of the trochlear groove perpendicular to the posterior condyle tangent. The second line was drawn parallel to the trochlear line through the central part of the patellar tendon on its most proximal insertion on the tibial tubercle; the distance between the lines was measured.
Anatomic Patellar Instability Risk Factors
The following classifications and measurements were performed with the cutoffs for the main APIFs described below. 9, 10, 13, 14, 17, 19, 21, 32 Trochlear Dysplasia. The measurements were performed on both cartilaginous and bony surfaces. 35 Trochlear dysplasia was defined by the following MRI measurements: trochlear depth \3 mm, 32 sulcus angle 145°, 15 medial/lateral trochlear facet asymmetry (TFA) \40%, 32 and lateral trochlear inclination (LTI) 11°.
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Trochlear dysplasia was also assessed on axial MRI. Classification was performed according to the system of Dejour et al 13, 14 and modified by Fucentese et al 22 : type A, trochlear morphology is preserved with a fairly shallow trochlea; type B, flat or convex trochlea; type C, asymmetrical trochlear facets with a convex lateral facet and a hypoplastic medial facet; and type D, asymmetrical trochlear facets, a hypoplastic medial facet, and a cliff pattern.
Patellar Tilt. Lateral patellar tilt 20°was considered pathological. 15 TT-TG Distance. 
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The 4 APIF groups were described with the following pathological thresholds:
1. Trochlear dysplasia defined as trochlear depth \3 mm 2. Abnormal lateral patellar tilt defined as patellar tilt 20°3
. Elevated TT-TG distance defined as TT-TG distance .15 mm 4. Patella alta defined as CDI 1.2
Statistical Analysis
Statistical software package SPSS 22.0 for Mac (SPSS Inc) was used to perform the statistical analyses. Descriptive statistics were reported as numbers (percentages) and as means 6 SDs and 95% CIs. An independent-samples t test was utilized to compare continuous variables between patients with LPD and controls, and the chi-square test was used to compare the groups with respect to categorical variables. Multivariable logistic regression analysis was performed to find the most reasonable model to describe the relationship between LPD and the 4 main APIFs. The results were presented as odds ratios (ORs) and 95% CIs. In comparisons between patients with LPD and controls, adjusted for age and sex, multiple regression analyses were performed for all APIF measurements. Correlation was tested with the use of the Pearson coefficient. Interobserver reliability was measured by the ICC. A receiver operating characteristic (ROC) curve was used to determine the best discriminatory threshold for the APIF. A P value \.05 was considered to be statistically significant.
RESULTS
The 103 children with LPD (52 girls and 51 boys) had a mean age of 13.1 6 1.0 years. The mean age in the control group of 69 children (26 girls and 43 boys) was 12.5 6 1.5 years. In both groups, 85% had open physes and 15% had closing physes. There was no statistically significant difference between the ages when revealing the measured parameters on the outermost cartilaginous point. Ninetyone percent of our measurements had an excellent to optimal ICC (.0.8). For more details, see Appendix Table A2 (available online).
Trochlear Dysplasia and Morphology
All major measurements of trochlear dysplasia showed a significant difference between the LPD and control groups when comparing mean values (Table 1) .
When analyzing the geometric components of the distal femur, there was no difference between the transepicondylar width or the lateral and medial condylar height (LCH and MCH, respectively) measurements. The central condylar height (CCH) was significantly higher in the LPD group with both bony and cartilaginous measurements. This correlated with a significant reduction in trochlear depth and a higher sulcus angle. The mean trochlear depth was 2.3 mm in the LPD group and 4.5 mm in the control group. With \3 mm as a threshold, 74% of the LPD group and 4% of the control group had a pathological trochlear depth. Trochlear depth also showed the highest OR for LPD. The mean sulcus angle was 156.7°in the LPD group versus 141.1°in the control group; 75% of the LPD group and 9% of the control group had a pathological sulcus angle (threshold: 145°). The mean TFA in the LPD group was 49.1% compared with 63.9% in the control group; 21% of the LPD group and 1% of the control group had pathological TFA (threshold: \40%). Finally, the mean LTI was 13.8°in the LPD group compared with 20.9°in the control group; 34% of the LPD group and 0% of the control group had a pathological LTI (threshold: 11°) ( Tables 1 and 2 ).
Trochlear dysplasia according to the modified Dejour classification was as follows: 88% normal and 12% (n = 8) type A in the control group and 25% normal, 48% (n = 49) type A, 27% (n = 28) type B, and 0% type C or D in the LPD group.
Patellar Tilt
The mean lateral patellar tilt in the LPD group was 21.1°, which was greater than the mean of 8.5°in the control group (P \ .001). No one in the control group had a patellar tilt 20°; 50% had a lateral patellar tilt in the LPD group (Tables 1 and 2 ).
TT-TG Distance
The mean TT-TG distance was 13.9 mm in the LPD group and 9.8 mm in the control group (P \ .001). Using TT-TG distance .15 mm as a threshold, 38% in the LPD group and 10% in the control group had pathological values. TT-TG distance .15 mm as an isolated risk factor in the LPD group did not exist (Tables 1 and 2 ).
Patellar Height and Morphology
The mean patellar height, measured as the ISI, was higher in the LPD group versus the control group (1.29 vs 1.10, respectively; P \ .001). The mean patellar length and patellar tendon length were significantly different between the groups. Patellar tendon length showed the greater difference: 13% longer in the LPD group (51.5 mm) versus the control group (45.4 mm). When patella alta was defined as ISI .1.3, it was seen in 45% of the LPD group versus 13% of the control group (P \ .001). The mean CDI was also higher in the LPD group versus the control group (1.33 vs 1.15, respectively; P \ .001). The mean patellar articular length was not significantly different between the groups, although the mean patellar tibial distance was significantly longer in the LPD group. When patella alta was defined as CDI 1.2, it was seen in 76% of the LPD group versus 36% of the control group. Differences in the mean SPE and patellotrochlear index were not significant between the groups (Tables 1 and 2 ).
Patellar dysplasia according to the Wiberg 39 classification was as follows: 2% (n = 2) type I, 74% (n = 76) type II, and 24% (n = 25) type III in the LPD group and 62% (n = 43) type I, 36% (n = 25) type II, and 1% (n = 1) type III in the control group (P \ .001).
APIFs Between Groups
Ninety-six percent of the LPD group had 1 to 4 APIFs compared with 42% of the control group (P . .001). In the LPD group, 17% had all 4 instability factors, 27% had 3, 35% had 2, 17% had 1, and 4% did not have any of these factors. In the control group, 1% had 3 of the factors, 6% had 2, 35% had 1, and 58% did not have an APIF. Trochlear dysplasia defined as trochlear depth \3 mm was the most common divergent APIF in the LPD group (74%), isolated or combined with other APIFs, compared with 4% in the control group. The most common APIF presented in the control group was patella alta (36% had CDI 1.2). As previously mentioned, elevated TT-TG distance did not exist as an isolated instability factor in the LPD group. An abnormal lateral patellar tilt was present only in the LPD group (Figures 2 and 3 ; also see Appendix Figure A1 
DISCUSSION
The most important finding is the significant difference in skeletally immature patients when comparing the morphology of the trochlea between the LPD and control groups; the mean difference in all major MRI measurements of trochlear dysplasia showed statistically significant differences.
Previous studies have identified the prevalence of trochlear dysplasia in populations with recurrent and primary dislocations or the morphology in patients with ''patellar instability.'' 6, 18, 34 The current study used a prospective approach with a control population, with age objectively defined by skeletal maturity, to clearly distinguish a difference between patients with an acute first-time traumatic LPD and controls. The significant difference in the mean values confirms the APIFs that have been developed in the adult population.
The ROC curves generated by our data show that there is consistency between the pathological thresholds used for adults and for skeletally immature children for trochlear Bolded P values indicate statistically significant difference between groups in all measured APIFs. Italicized rows indicate values with consistency between the pathological thresholds used for adults and for skeletally immature children for trochlear depth, sulcus angle, and Caton-Deschamps index. LPD, lateral patellar dislocation; OR, odds ratio; ROC, receiver operating characteristic; TT-TG, tibial tubercletrochlear groove.
depth, sulcus angle, and the CDI ( Table 2 ). The specificity for patellar tilt, TT-TG distance, TFA, LTI, and ISI is high, close to 1, but the sensitivity is lower, and the ROC curves show that the known pathological thresholds could be lower for patellar tilt, TT-TG distance, and ISI and higher for TFA and LTI in our cohort. The trochlear values reflect that a skeletally immature trochlea may not be the same as an adult trochlea or that our population with acute traumatic LPD, which did not contain the most severe highgrade dysplasia types C and D, represents a subgroup of all patients with LPD. These results may lead to a smaller change in thresholds in the skeletally immature population when defining the risk of recurrences in an instability severity score, although first we need the recurrence statistics. Balcarek et al 5 showed, when they established a patellar instability severity score for a risk assessment of recurrent patellar dislocations, that there was a difference between first-time dislocators and redislocaters in the severity of trochlear dysplasia and degree of patellar tilt but no significant difference in patellar height or TT-TG distance. They also pointed out that their cohort was small and therefore they were not able to detect smaller differences. For these reasons, suggesting changes in thresholds is not judicious based on our data at the moment. Another issue is that the thresholds to assess the risk of redislocations may not be the same threshold used for surgical decisions.
Trochlear Dysplasia
Condylar height measurements of the lateral (LCH) and medial (MCH) trochlea did not show significant differences between the groups. The difference in this age group was the CCH, which was higher in the LPD group and led to a higher sulcus angle and lower trochlear depth. Escala et al 20 evaluated MCH, CCH, and LCH measurements and found no significance between controls (mean age, 26.5 years) and those with objective patellar instability based on documented evidence of a single or repetitive LPD (mean age, 24 years). Charles et al 11 found that LCH and MCH were significantly lower in their group of patients with recurrent patellar instability. We also evaluated condylar height as a proportion of epicondylar width and had similar results; that is, only CCH in proportion to the epicondylar width showed a significant difference between the groups (P \ .001), which differs from the results of Charles et al 11 and Biedert and Albrecht 7 in adults that showed a significantly lower CCH and MCH in proportion to the condylar width in their group of patients with patellar instability with trochlear dysplasia (mean age, 23 years) and controls (mean age, 38 years). The condylar height difference in the skeletally immature patient is at the central part. The difference between our results and the adult data could be that more severe trochlear dysplasia develops as these patients mature or that patients with severe dysplasia do not have acute knee hemarthrosis. In the present study, no trochlear dysplasia type C or D was found. Our experience is that children with severe PF dysplasia often experience dislocation without distinct hemarthrosis. Their diagnosis is usually elusive early on, with late clinical presentation as recurrent dislocations.
Trochlear dysplasia (measured as trochlear depth \3 mm) and sulcus angle 145°were the main APIFs for patients with LPD (74% and 75%, respectively). This is in agreement with 2 previous MRI studies that included both skeletally immature and mature patients. 26 26 with a definition as trochlear depth \3 mm. The presence of trochlear dysplasia in the control group was 4% in the study by Kohlitz et al, 26 which is the same low percentage as in the present study.
In a study of patellar instability among children, 18 the sulcus angle was found to be age dependent, and the mean was lower than that in the study by Balcarek et al, 6 who reported the magnitude of trochlear dysplasia to be similar between children, adolescents, and adults defined by 3 measured parameters of trochlear anatomy: bony and cartilaginous sulcus angle, trochlear depth, and TFA. In the present study, the mean cartilaginous sulcus angle and trochlear depth are in accordance with Duppe et al's 18 findings.
Patellar Tilt
All patients in both the LPD and control groups had hemarthrosis; none in the control group had patellar tilt (20°) compared with 50% in the LPD group. Hemarthrosis alone cannot account for the patellar tilt in the LPD group. The LPD group had an injury to the MPFL in 99% of the patients. 2 Patellar tilt is likely caused by an acute injury of the MPFL and/or lax medial restraint, combined with the anatomy of the PF joint, in the LPD group.
TT-TG Distance
Elevated TT-TG distance was not seen as an isolated instability factor in the LPD group, even with a pathological cutoff .15 mm. Using the ROC analysis, the best discriminatory threshold was at 11 mm (which is lower than published values for adults). The TT-TG value is a distance that describes the distance between the tibial tubercle and the trochlear groove and consequently will be influenced by the width of the knee joint. Pennock et al 31 also showed that the TT-TG distance varies as a function of age and height in pediatric and adolescent patients, with each centimeter in height increasing the TT-TG distance by 0.12.
The LPD group had a higher TT-TG distance than the control group, and our control group had similar results compared with the study by Dickens et al 16 (see Appendix  Table A3 , available online). Their study consisted of children aged 1 to 16 years. In the present study, the mean TT-TG distance in the control group was 9.8 6 3.6 mm and in the LPD group was 13.9 6 4.7 mm. It is interesting that in the present study, the youngest dislocators had the most excessive TT-TG distances, but the number of young patients was few. The majority of the patients, 92% of the LPD group and 78% of the control group, were 12 to 14 years old (the age when LPD and intra-articular knee injuries become common). In our age span, we could not find a significant age-dependent difference or good correlation with age (see Appendix Table A4 , available online). More severe pathological values were seen in other APIFs among the youngest participants, suggesting that the youngest dislocators have more severe dysplasia, although again there were a few number of these patients (see Appendix  Table A5 , available online).
Patella Alta
Patella alta was the most common APIF presenting as an isolated factor in both the control and LPD groups, suggesting that patella alta can be a normal variant in the knee anatomy and may be well tolerated when not in combination with other instability factors. ISI .1.3 as a cutoff for patellar alta is higher than the 1.2 value obtained when the ROC analysis was used to determine the best discriminatory threshold (Table 2) .
Both the ISI and CDI are used in the decision for surgery. The CDI was chosen for comparison of the APIF groups because it is used preoperatively and postoperatively in the evaluation of tibial tuberosity distalization, and the present study's ROC analysis showed consistency with the adult threshold of 1.2.
APIFs in Combination
If we exclude patellar tilt in our data, 95% of patients with LPD had 1 to 3 APIFs in this study of only skeletally immature patients. By comparison, this is 10% greater than the mixed population of Kohlitz et al. 26 In the present study, 79% had 2 or more APIFs in the LPD group compared with only 7% in the control group. Analyzing our data according to the Balcarek patellar instability severity score 5 using only age and the above APIFs, 45% in the LPD group had a 5 times higher risk of patellar redislocations compared with children who scored less.
Measurements of the PF morphology are important for clinical decision making. Defining thresholds according to skeletal maturity for APIFs will provide more clarity in the treatment algorithm for children with LPD. This is a necessary first step with the ultimate goal of a predictive model for redislocations.
A strength of this study is its design: a prospective consecutive series in a well-defined population. Children were rigidly defined by skeletal maturity. All patients had an acute primary LPD; all were examined with standardized MRI protocols. Participants in the control group had a similar age and geographic distribution, were collected within the same time period, and underwent the same protocol. The morphology of the PF joint and the main APIFs with threshold values are described in detail.
A weakness is that the upper age limit was 14 years, and therefore, we have not captured the middle-aged adolescent with open or closing growth plates. This is because of the organization of our hospital system; our ''pediatric orthopaedic'' population is defined as age 14 years in an otherwise healthy child.
CONCLUSION
There was a significant difference in mean values of all established APIFs between our cohort of children with a first-time LPD and the control group. The established thresholds for trochlear dysplasia measured as trochlear depth \3 mm, sulcus angle 145°, and patella alta measured as CDI 1.2 can be used in young adolescents. Seventy-four percent showed trochlear dysplasia in the LPD group compared with 4% in the control group. Trochlear dysplasia was the main divergent APIF for LPD in this group of skeletally immature children when described as trochlear depth
